It has been approximately 30 years since the seminal discoveries of David Barker and his colleagues, and research is beginning to unravel the mechanisms that underlie developmental programming. The early environment of the embryo, foetus and newborn have been clearly linked to altered hypothalamic-pituitary-adrenal (HPA) function and related behaviours through the juvenile period and into adulthood. A number of recent studies have shown that these effects can pass across multiple generations. The HPA axis is highly responsive to the environment, impacts both central and peripheral systems and is critical to health in a wide variety of contexts. Mechanistic studies in animals are linking early exposures to adversity with changes in gene regulatory mechanisms, including modifications of DNA methylation and altered levels of miRNA. Similar associations are emerging from recent human studies. These findings suggest that epigenetic mechanisms represent a fundamental link between adverse early environments and developmental programming of later disease. The underlying biological mechanisms that connect the perinatal environment with modified long-term health outcomes represent an intensive area of research. Indeed, opportunities for early interventions must identify the relevant environmental factors and their molecular targets. This new knowledge will likely assist in the identification of individuals who are at risk of developing poor outcomes and for whom early intervention is most effective.
Introduction
The early environment of the embryo, foetus and newborn have been clearly linked to altered hypothalamicpituitary-adrenal (HPA) function and related behaviours through the juvenile period and into adulthood (for reviews see Moisiadis & Matthews 2014 , Chan et al. 2018 , McGowan & Matthews 2018 , Hamada & Matthews 2019 .
animal models, more recently, they have been extended to include humans. The discoveries of David Barker, linking low birthweight to altered risk of poor cardiometabolic and mental health outcomes, were fundamental in driving the field forward (Barker & Osmond 1986 , Barker 1995 . Indeed, David Phillips led studies that showed clear linkage between low birthweight, altered HPA function and associated risk for poor cardiometabolic and mental health outcomes (Phillips et al. 2000 , Reynolds et al. 2001 . It was these discoveries that re-ignited research (and the funding of research) in the field of developmental origins of health and disease.
Responses to environmental cues that lead to stable alterations in HPA function may initially be adaptive but in the long term, and if not appropriate for the ongoing environment, may pose a threat to health in later life. The HPA axis is highly responsive to the environment, impacts both central and peripheral systems and is critical to health in a wide variety of contexts (Reynolds 2013) . Mechanistic studies in animals are linking early exposures to adversity with changes in gene regulatory mechanisms, including modifications of DNA methylation and altered levels of miRNA (Chan et al. 2018 , McGowan & Matthews 2018 . Similar associations are emerging from recent human studies (Sasaki et al. 2013 , Hamada & Matthews 2019 . Several genes associated with the regulation of HPA function and related behaviours are susceptible to altered epigenetic modulation. These findings suggest that epigenetic mechanisms represent a fundamental link between adverse early environments and developmental programming of later disease. The underlying biological mechanisms that connect the perinatal environment with modified long-term health outcomes and represent an intensive area of research. Indeed, opportunities for early interventions must identify the relevant environmental factors and their molecular targets. This review will focus on epigenetic mechanisms of programming of the HPA in development that impact brain function and behaviour.
Developmental programming of the HPA axis and behaviour
The HPA axis directs neuroendocrine homeostasis and the response to stress through a series of direct influences and feedback responses in the brain and periphery. Both psychological (e.g. anxiety and abuse) and physiological (e.g. hypoxia) stress result in the activation of corticotrophin-releasing hormone (CRH) neurons in the paraventricular nucleus (PVN) of the hypothalamus.
Secretion of CRH and other factors into the hypophyseal portal circulation results in increased synthesis and release of adrenocroticotrophin (ACTH) from anterior pituitary corticotrophs. ACTH in the peripheral circulation binds to melanocortin (MC) 2 receptors in the adrenal zona glomerulosa and promotes the synthesis and release of glucocorticoids (cortisol in humans, guinea pigs and sheep; corticosterone in rats and mice). Glucocorticoids produce a myriad of effects in the brain and periphery to coordinate the stress response and ultimately restore homeostasis. This response is subject to negative feedback inhibition at multiple levels of the brain (including the hippocampus, PVN) and pituitary, where glucocorticoids bind to glucocorticoid receptors (GRs) and mineralocorticoid receptors (MRs). In the hippocampus and other brain regions, MR and GR levels define the threshold of negative feedback inhibition of HPA activity (Ulrich-Lai & Herman 2009).
Experiences during development have the potential to canalize health trajectories with long-term consequences for mental health as a result of alterations in the response to stress. For example, exposures to severe stressors early in life increase the vulnerability to multiple forms of psychopathology (De Bellis et al. 1994 , Heim & Nemeroff 2001 . A primary example of these effects is the role of psychosocial stress in early life in modifying the risk for affective disorders (Heim et al. 2008) . Physical and sexual abuse or severe neglect in childhood increase the risk for major depressive disorder, and this increased vulnerability is conferred, at least in part, by individual differences in endocrine and behavioural responses to stress (De Bellis et al. 1994 , Heim & Nemeroff 2001 . Major depressive disorder is associated with higher levels of cortisol in response to stressors. The results of a number of studies indicate that this effect is mediated by impaired negative feedback inhibition of the HPA axis by glucocorticoids (Pariante & Lightman 2008) . In addition, depressive symptoms are sensitive to exposure to environmental stressors early in life, where adversity confers greater vulnerability to dysfunctional stress responses and major depression (Heim et al. 2008) . In contrast to major depression, posttraumatic stress disorder, which also may have origins in early life is associated with reduced HPA responsiveness to stress (Morris et al. 2012 , McGowan 2013 . In other studies, long-term alterations in HPA function have been associated with compromised cardiometabolic outcomes (Reynolds 2013) . Genotype and gender also moderate the relationship between HPA function and mental and cardiometabolic health (Carpenter et al. 2017) . These factors affect the activity of the HPA axis and coordinate endocrine and behavioural responses in a long-term 'programmed' manner. The mechanisms that produce these effects have been the subject of intense investigation in translational medicine.
Developmental plasticity and adaptation
Developmental plasticity, defined as changes in development resulting from environmental exposures that lead to persistent modifications of phenotype, can be adaptive within a physiological range, whereas exposures outside of this range can produce non-adaptive (pathological) outcomes. Considerable evidence from animal studies indicates that the range of responses to environmental factors that modify HPA activity in early life is defined by an organism's life history. This is apparent from studies of health trajectories linked to birthweight, as well as studies of early life psychosocial stress.
Low birthweight appears to irreversibly alter developmental trajectories. Later in life, individuals born small for gestational age are at increased risk for the metabolic syndrome, showing increased risk of cardiovascular disease (hypertension), diabetes (insulin resistance) and a dysregulated HPA axis (Hales & Barker 1992 , Phillips et al. 2000 , Reynolds et al. 2001 . The effects of a dysregulated HPA axis in low birthweight individuals manifest in increased circulating levels of glucocorticoids and ACTH (Phillips et al. 2000 , Reynolds et al. 2001 . As such, fetal growth is prioritized in the context of poor energy availability in order to maximize survival at birth, but can pose a threat to health later in life (Hanson & Gluckman 2008) . However, these health effects are highly context specific. For example, energy conservation and a reduction in somatic growth may be an advantage in poor nutritional environments (Youngson & Whitelaw 2008) , potentially increasing longevity in these environments (Ozanne & Hales 2004) . In this context, maternal cues that reliably predict the later life environment are critical to the programming of appropriate responses in offspring (Bateson et al. 2014) .
Early adversity profoundly impacts both HPA function and behaviours; however, the effects are highly species specific and this likely results from both differences in neurodevelopmental trajectories and glucocorticoid sensitivity. Outcomes are also very much dependent on the nature of the stressor, the timing and duration of exposure and the sex of the offspring. In addition, effects are dynamic such that phenotypes can differ depending on the age of the offspring at the time of assessment, and in females, the stage of the reproductive cycle (Hamada & Matthews 2019) . In humans, maternal psychosocial stress and increased maternal cortisol through the first and second trimester were linked to elevated adrenocortical responses to stress in newborns and at 5 years of age (Davis et al. 2011) . In contrast, in another study, where mothers experienced high levels of anxiety late in pregnancy, infants showed increased cortisol responsiveness at 5 weeks, but decreased responses at 8 weeks and 2 years (Tollenaar et al. 2011) . A reduced HPA responsiveness to stress has also been reported in adolescent children of mothers who had experienced high levels of anxiety and depression in pregnancy (Vedhara et al. 2012 , O'Donnell et al. 2013 . A number of human studies have shown links between increased maternal stress and cortisol levels and neurodevelopmental outcomes in children, including increased ADHD-, ASD-and anxiety symptomology, as well as altered learning and memory, many of which were sex dependent (LeWinn et al. 2009 , Ronald et al. 2010 , Davis & Sandman 2012 , Walder et al. 2014 . Interestingly, a recent study has shown increased maternal salivary cortisol in the third trimester to associate with increased negative emotionality in female infants but reduced negative emotionality in male infants (Braithwaite et al. 2017) .
Maternal and fetal stress results in increased glucocorticoid levels in the foetus; indeed, it is likely that early exposure to excess glucocorticoid represents one of the drivers for long-term programming of HPA function and stress-related behaviours. Fetal glucocorticoid exposure is also highly clinically relevant as pregnant women at risk of delivering preterm are treated with synthetic glucocorticoids (sGC) to mature the fetal lungs and decrease the incidence of respiratory distress in newborns (National Institutes of Health Consensus Development Panel 2001). Preterm birth occurs in approximately 10% of all pregnancies. As a result, a large number of infants are exposed to sGC in the second half of gestation. Further, given the difficulty of accurately predicting preterm birth, many infants from mothers treated with sGC are actually born at term (~30%) (Murphy et al. 2008) . Previous studies in humans have demonstrated that prenatal exposure to a single course of sGC can result in 6-to 10-year old children who exhibit reduced thickness of the cingulate cortex (an area associated with affective disorders) and increased HPA responsiveness to psychosocial stress (Trier Social Stress Test; TSST) (Alexander et al. 2012) . Interestingly, the latter affect was more prevalent in girls than in boys (Alexander et al. 2012 , Davis et al. 2013 . Importantly, all the children investigated were born at normal term. Very recently, the group has gone on to show in the same children in adolescence (14-18 years) that prenatal sGC exposure resulted in significant changes in fronto-parietal brain function, affecting multiple aspects of adaptive cognitive and behavioural control (Ilg et al. 2018) . Further, HPA responsiveness to the TSST remained elevated in adolescents whose mothers were treated with sGC (Ilg et al. 2019) . Another very recent study has linked prenatal sGC exposure to increased incidence of child mental health and behavioural disorders in a large Finnish cohort; interestingly, the associations held in both preterm and termborn children (Wolford et al. 2019) . These human studies indicate that maternal stress/anxiety in pregnancy together with exposure to sGC can lead to long-term effects on HPA function, neurodevelopmental function and emotionality. However, it should be noted that the majority of studies that have undertaken detailed phenotyping in children have been retrospective in nature, and some confounding factors may be present. Notwithstanding, an enormous number of animal studies, including those in primates, sheep, guinea pigs, rats, mice and other species, have reported similar longterm effects on HPA function and behaviours.
Epigenetic mechanisms of developmental programming
Epigenetic mechanisms include modifications of chromatin structure, non-coding RNA and modifications of the DNA itself through the addition of methylation. Epigenetic modifications were once thought to program cell fate during development and remain immutable thereafter. However, evidence of their contributions to human disease and findings that epigenetic modifications are responsive to therapeutic interventions have attracted considerable interest (Egger et al. 2004) . In addition, a substantial body of research over the past 15 years indicates that epigenetic modifications at some genetic loci are sensitive to environmental factors. It is clear that a portion of variation in epigenetic modifications is derived from genotype and stochastic effects (Bjornsson et al. 2004 , Petronis 2010 ; however, the degree to which genetic and stochastic factors influence neurological phenotypes remains poorly understood (van Dongen et al. 2016 , Feinberg 2018 . The role of epigenetic modifications as potential causal mechanisms in disease is often not assessed due to the retrospective nature of many investigations. Nonetheless, as epigenetic modifications integrate environmental and genetic factors, they constitute potential biomarkers of individual differences relevant to developmental health trajectories.
A number of studies have identified epigenetic modifications in candidate genes associated with the developmental programming of the HPA and related behaviours. Programming involving epigenetic modifications of DNA methylation and histone acetylation that affect GR expression in brain regions that regulate HPA-negative feedback in the hippocampus (Weaver et al. 2004 , Mueller & Bale 2008 , McGowan et al. 2009 have been complemented by studies showing DNA methylation modifications in other candidate genes, including arginine vasopressin (Avp) and Crh (Murgatroyd et al. 2009 , Korosi et al. 2010 , Wu et al. 2014 . These studies have also demonstrated that epigenetic modifications in multiple brain regions are associated with basal and stressinduced HPA regulation (Murgatroyd et al. 2009 , Korosi et al. 2010 , Wu et al. 2014 .
Environmental factors that drive HPA programming
The studies of candidate genes described earlier have provided important 'proof of principle' that epigenetic modifications are associated with early life environmental programming of genes central to HPA axis function. However, the degree to which exposures in early life that modify HPA activity occur across other genomic loci is an active question. For example, we found hundreds of DNA methylation differences associated with early life experience distributed across a 6.5 million base pair region containing the GR gene in both rats and humans (McGowan et al. 2011 , Suderman et al. 2012 ). These differences occurred in nonrandom patterns that were associated with regulatory regions such as promoters, forming clusters covering as many as 1 million base pairs of both coding and non-coding sequence in both species. Research in this area is rapidly evolving and continues to provide new insight into stress regulation; therefore, our review of this research must be selective. Below, we describe examples from our group and others aimed at examining epigenetic modifications associated with developmental programming of HPA function and related behaviours.
Predator stress exposures during pregnancy
In a series of studies, we examined the ability of predator cues to elicit epigenetic modifications of stress-sensitive genes in the brain. The strong evolutionary pressures exerted by predators on prey species are such that even nonlethal exposure to predator cues shape behavioural, physiological and endocrine phenotypes in prey species (St-Cyr & McGowan 2018) . Rodents exposed to predator odours (urine, gland secretions), show increased antipredator behaviours, including refuging and vigilance, and, in cases of chronic exposure, weight loss and decreased body condition. Interestingly, many of these impacts are also observed in non-mammalian species (see Lima 1998) , indicating that they represent evolutionarily conserved adaptations to stressors.
We exposed pregnant female mice to randomized presentations of predator odours during the last half of pregnancy and examined the phenotype of adult offspring. Offspring born to mothers exposed in pregnancy showed increased stress-related behaviours, including defensive and risk assessment behaviours. The response was sex specific. Male offspring from predator odour-exposed dams visited the area proximal to a source of predator odour less frequently than unexposed control offspring (St-Cyr & McGowan 2015) . Female offspring showing enhanced HPA activation to a first presentation of predator odour in adulthood, while baseline levels of glucocorticoids remained unaltered by the prenatal exposure. Predator odour exposure in pregnancy also affected food foraging and exploratory behaviour in offspring in standard laboratory tasks examining anxietylike behaviour and also under conditions of simulated predator threat (St-Cyr et al. 2018a) . Similar results were obtained in rats (St-Cyr et al. 2017) .
In adulthood, female offspring born to predatorexposed dams showed an increase in stress-related gene transcription in the hippocampus and amygdala. For example, brain-derived neurotrophic factor (Bdnf) transcript was reduced in the hippocampus, whereas corticotrophin-releasing factor receptor 1 (Crfr1) transcript was increased in the amygdala. Rats showed increased transcription of fk506-binding protein 5 (Fkbp5) and Gr in the amygdala. These alterations in transcript abundance were correlated with DNA methylation modifications of specific CpG sites in intron V of the Fkbp5 gene and exon IV of the Bdnf gene. Programming of epigenetic modifications in gene networks regulating other aspects of neuroendocrine function have not been explored, but are likely. We found that mice offspring prenatally exposed to predator odour displayed modifications of hypothalamic-pituitary-thyroid function through increased circulating thyroxine and thyroid hormone receptor α within the PVN and decreased transthyretin in the liver in association with increased energy mobilization in mice (St-Cyr et al. 2018b) . Whether these alterations confer differences in fitness is unknown. However, similar phenotypes have been observed in wild animals (Clinchy et al. 2010) . For example, snowshoe hares are subject to cycles of predation risk associated with alterations in HPA responsiveness and reproductive senescence (Love et al. 2013 , Lavergne et al. 2014 .
Synthetic glucocorticoid exposures during pregnancy
Prenatal exposure to sGC has been shown to influence HPA and stress-related behaviours in offspring in a number of animal models, including primates, sheep, guinea pigs, rats and mice (Moisiadis & Matthews 2014 , McGowan & Matthews 2018 , Hamada & Matthews 2019 . Studies from our group in the guinea pig have shown that single and repeated in utero exposure to sGC results in increased HPA responsiveness to a novel environment in juvenile offspring, with no effect on basal cortisol levels (Moisiadis et al. 2017 (Moisiadis et al. , 2018 . Interestingly, these effects were confined to females with no effect in juvenile males.
In an earlier study, we had shown that repeated maternal treatment with sGC resulted in a decrease in basal and activated adrenocortical function in young adult male offspring at ~70 days of age (Liu et al. 2001) . Interestingly, young adult female offspring exhibited increased basal and activated HPA function in the follicular and oestrous phase of the cycle, but reduced function (like the males) in the luteal phase of the cycle (Liu et al. 2001) . Subsequent studies, undertaken in older adult offspring indicated that the effects of prenatal exposure to sGC on HPA function are less evident as animals age, though long-term effects on cardiometabolic function remained (Banjanin et al. 2004 , Dunn et al. 2010 , Moisiadis et al. 2018 . At the level of behaviours, prenatal exposure to sGC resulted in increased ambulatory activity in the open field, and modified sensory motor gating (attention) in juvenile and adult offspring, though these effects were dependant on sex, age and the dose of in utero exposure to sGC (single vs multiple treatments). A number of our studies have linked changes in HPA function and behaviours to modified gene expression in the pituitary, hypothalamus, hippocampus and prefrontal cortex (Liu et al. 2001 , Banjanin et al. 2004 , Dunn et al. 2010 , Moisiadis et al. 2017 , Constantinof et al. 2019 . Together, these studies indicate that there are profound effects of prenatal exposure to sGC on HPA function and behaviours, but that these effects are sex specific and depend on the age at which a particular outcome is measured. In females, there is clearly interaction between the programming effects of GCs and the stage of the reproductive cycle.
A series of studies have been undertaken to determine the potential mechanisms by which fetal exposure to sGC leads to long-term changes in endocrine function and behaviours. In late gestation, there is a natural increase in endogenous glucocorticoid in the fetal circulation in most mammalian species. This surge is critical in maturing several fetal organ systems (e.g. lung, kidney and thyroid) in preparation for neonatal life. We have recently shown that the surge in endogenous glucocorticoid is associated with altered expression of over 1000 genes in the fetal guinea pig hippocampus and that there are parallel changes in histone acetylation and reductions in DNA methylation (Crudo et al. 2013a,b) . Exposure of the foetus to sGC, prior to the natural glucocorticoid surge resulted in changes in hippocampal gene expression and DNA methylation; however, importantly a different gene set was affected. Also, temporal analysis following sGC exposure revealed that the effects are dynamic as the transcriptional, histone acetylation and DNA methylation landscapes were quite different after acute (24 h after sGC) and longer term (14 days after sGC) exposures (Crudo et al. 2013a,b) . Together, the studies would suggest that the natural glucocorticoid surge is important in maturing the fetal hippocampus and that this is mediated through epigenetic mechanisms. Further, this process may be perturbed by early exposure to sGC.
Transgenerational programming
There is great interest in whether exposures of the parental generation can affect offspring across multiple generations as a result of epigenetic modifications, though research in this area has attracted controversy. Transgenerational effects can be distinguished from intergenerational effects limited to exposures of the offspring (F1) generation as a direct consequence of exposure effects on physiology or behaviour of the parental (F0) generation. It should be noted that exposure of the F2 generation can also be direct, since primordial germ cells of the F2 generation are present in the developing F1 offspring. The erasure of DNA methylation that occurs during gonadal sex determination (i.e. with the formation of mature sperm in males and at each cycle with the formation of mature oocytes in females) and again at fertilization is nearly complete. One exception is imprinted genes which maintain patterns of DNA methylation during fertilization and are transcribed in a parent-of-origin manner. Interestingly, in contrast to other somatic cell types, a number of genes in the brain are also regulated in a parent-of-origin manner by DNA methylation (Perez et al. 2016) , though their role in HPArelated phenotypes is not known. In addition, recent studies have discovered non-coding exosomal RNAs present in germ cells and have proposed mechanisms of transgenerational transmission of HPA dysfunction and stress-related phenotypes (Gapp et al. 2014 , Rodgers et al. 2015 . These studies have suggested that epigenetic modifications in germ cells are possible vectors for the transgenerational transmission of phenotypes. However, the molecular mechanisms linking altered germ cell RNA species to modified phenotype remain to be determined.
Animal studies have shown that stress or glucocorticoid exposure in the maternal or paternal generation is associated with altered HPA function in second-generation offspring. For example, adult female F2 offspring born to mothers that had been exposed to social stress during gestation exhibited increased HPA reactivity to stress. These changes in F2 females were associated with decreased hippocampal Gr and Mr expression and increased Crh expression in the PVN, indicative of impaired glucocorticoid negative feedback sensitivity. In contrast, male F2 offspring exhibited increased hippocampal Gr expression and attenuated HPA reactivity to acute stress (Grundwald & Brunton 2015) . In a recent series of studies, we have shown that prenatal exposure to sGC results in HPA and behavioural phenotypes that are transmitted across multiple generations through maternal and paternal routes (Iqbal et al. 2012 , Moisiadis et al. 2017 , Constantinof et al. 2019 . Maternal treatment with sGC resulted in first-, second-and thirdgeneration juvenile offspring that exhibited altered locomotor activity in an open-field and modified HPA function. Effects were most prominent following paternal transmission in female offspring (Moisiadis et al. 2017) . Subsequent studies, using RNA-seq showed altered gene expression in the hypothalamic PVN and the prefrontal cortex across three generations (Moisiadis et al. 2017 , Constantinof et al. 2019 . Together, the studies indicate that maternal stress and sGC exposure can lead to changes in HPA function and behaviours that are evident across multiple generations. The mechanisms that underlie this transmission require further elucidation.
Recent studies have shown that paternal exposure, prior to conception, can also have effects on HPA function and behaviours in offspring. Adult male mice exposed to glucocorticoids for 4 weeks prior to mating sired male offspring that showed increased locomotor activity and anxiety and female offspring that exhibited impaired fear extinction and memory (Short et al. 2016 , Yeshurun et al. 2017 . Male and female F2 offspring displayed lower levels of anxiety behaviour and, in males, increased depression-like behaviour (Short et al. 2016) . At the level of paternal transmission, glucocorticoid exposure in the F0 males was associated with alterations in levels of a number of miRNAs in sperm, including several predicted to interact with growth factor-related genes such as Bdnf and insulin-like growth factor 2 (Igf2) (Short et al. 2016) . Other studies have shown that paternal stress is associated with reduced HPA reactivity and increased expression of nine miRNAs in the sperm of F1 offspring (Rodgers et al. 2013) . Remarkably, zygote microinjection of these nine sperm miRNAs recapitulated the effects of paternal stress (Rodgers et al. 2015) . Despite these intriguing findings, the role of specific miRNAs in sperm in relation to stressrelated brain function remains uncertain; an area that requires further investigation.
Human studies of intergenerational transmission of severe maternal stress/trauma (war, natural disasters, domestic violence, terrorist attacks) indicate that maternal (and possibly paternal) stress is associated with altered cortisol responses in children and differential methylation of the GR promoter in peripheral blood (Radtke et al. 2011 , McGowan 2013 , Yehuda et al. 2014 , Kertes et al. 2016 . A few genome-wide discovery studies have implicated other genes (particularly genes involved in immune function) (Cao-Lei et al. 2014 , 2015 . In contrast, non-traumatic stress does not appear as strongly associated with the same DNA methylation modifications in peripheral blood (Tyrka et al. 2012 ). It appears that the type or severity of stressor exposure is critical. To date, a few epidemiological studies examining metabolic/growth-related outcomes (e.g. Heijmans et al. 2008 , Veenendaal et al. 2013 in relation to epigenetic modifications are strongly suggestive of the programming of transgenerational effects in humans. However, evidence of transgenerational programming of HPA is lacking in humans. Studies of well-characterized cohorts are needed, as is consideration of alternative explanations for the transmission of epigenetic effects that do not involve cellular reprogramming.
Challenges of epigenetic and omic approaches
Translational studies of epigenetic modifications associated with HPA and related behaviours have focused largely on DNA methylation. This focus is primarily due to the fact that relative to other epigenetic modifications of histones or non-coding RNA, DNA methylation is considered a relatively stable epigenetic modification. However, it is important to note that transcription factors, not DNA methylation modifications themselves, are the drivers of gene regulation. This means that a true mechanistic understanding of how epigenetic modifications are involved in transcriptional changes requires the identification of mechanisms and contexts that promote the differential binding of transcription factors to relevant regions of DNA such as gene regulatory elements. Evidence for how specific transcription factors target these regions is also needed. One example of such an approach is studies of GR binding to glucocorticoid response elements in the fetal hippocampus in relation to sGC exposure, in utero (Crudo et al. 2013a) . Such mechanistic studies are challenging, particularly in humans.
As mentioned earlier in this review, the majority of studies examining the developmental programming of epigenetic modifications in relation to phenotypes are retrospective. In human studies, subjects are sometimes examined years after the putative exposure. Developmental studies that examine epigenetic modifications before, during and after developmental exposures can be used to establish causal relationships between epigenetic modifications and exposures. They are also important in establishing phenotypes sensitive to differences in cell proportions, hormone exposures or post-translational modifications to non-histone proteins that may influence trajectories of health and disease at the time of exposure. The goal would be to distinguish these effects on phenotypes arising from true cellular reprogramming events that require epigenetic modifications that must be maintained within a given cell type (Lappalainen & Greally 2017) . Longitudinal designs can also be important in determining the extent to which epigenetic modifications prime future responses to stressors that then lead to pathological outcomes (Ashbrook et al. 2018) , as well as interventions that help to buffer stress (Gapp et al. 2016) . In contexts that purport to investigate transgenerational epigenetic effects/inheritance, the role of genetic selection should also be considered, though in practice, this may be difficult to rule out.
In studies that integrate genome-wide approaches, using multiple levels of analysis (transcriptomic, epigenomic, proteomic) , data analysis is complex. Currently, there are many competing methods for the analysis of information obtained from high-throughput sequencing, as well as for the integration of different data types. There is a need for standardization of tools and pipelines that are also accessible to researchers outside the immediate bioinformatics community (Gruning et al. 2017) . In addition, standard methods to examine the degree of DNA methylation attributable to cell heterogeneity are based on a subset of clearly defined cell types from healthy donors (Cardenas et al. 2016) . Even reference-free methods (e.g. Rahmani et al. 2017) assume that phenotype-related changes exceed cell-type-specific changes, which may not be accurate (Breton et al. 2017 ). An additional challenge is that these techniques are based on microarray technologies, such that the number of sites amenable to distinguish cell types is limited to a fraction of CpG sites that can be potentially methylated (e.g. <2% in the case of Infinium microarrays). Even where technically feasible, some issues remain regarding the use of cell separation techniques such as Fluorescence-Assisted Cell Sorting, where significant cross-contamination has been noted among cell types. For example, hypomethylated nucleated red blood cells in human cord blood show heterotopic interactions with T-cells, monocytes and B-cells that significantly affect the methylation profiles (de Goede et al. 2015) . Novel techniques such as the Assay for Transposase-Accessible Chomatin using sequencing (ATAC-seq) also offer the potential to integrate studies of chromatin remodelling with other functional genomic and epigenetic data in an efficient and cost-effective manner (Buenrostro et al. 2015) .
Conclusions
It is clear that maternal stress/anxiety and glucocorticoid exposure during pregnancy can lead to long-term effects on HPA function and stress-related behaviours in offspring. More recent evidence indicates that paternal stress and glucocorticoid exposure prior to conception can also have profound influences on subsequent offspring phenotype. Importantly, it appears that these phenotypes can be maintained across multiple generations. There is considerable heterogeneity in the literature regarding the nature of the programmed phenotype in offspring. There are very significant species differences and the timing and dose of exposure are critical. It is also evident that sex of the offspring and the age at which assessment of phenotypic outcome is undertaken are important. Indeed, to understand the programming effects of an early environment assessment must be undertaken at multiple stages of the life course, and in females, at different stages of the reproductive cycle.
It is important to consider the potential population advantage of programming (from Drosophila to human), why some individuals are more resilient than others, as well as the mechanistic roots. While the latter has become a focus of many labs, it is important to emphasize very high-quality and detailed phenotyping, otherwise important elements that are relevant to humans will be missed. For example, it is not sufficient to test how an early exposure modifies the time to learn, but also to determine how strategies of learning might be affected. The latter is of critical relevance for educational programmes.
There have been very rapid advances in our understanding of the mechanisms that underlie developmental programming, but this has raised new and important questions and challenges. There has been much focus on the potential of epigenetic mechanisms to link early experience/exposures to long-term phenotypic outcomes. Many of the molecular tools are becoming more available and 'main stream'; however, these are complex molecular processes that need to be carefully investigated. For example, DNA methylation is highly dependent on cell type, and early exposures may impact cell populations that will create challenges in interpretation if mixed cell populations are tested. Bioinformatic tools to assist in overcoming this challenge and others require further development. It is also important to make such tools accessible for the non-bioinformatician.
It has been known for some time that the effects of maternal and paternal stress/anxiety and glucocorticoid exposure can manifest across multiple generations via both maternal and paternal transmission. Recent elegant studies have begun to identify potential mechanisms (e.g. miRNA and tRNA) by which such transmission may occur, but many important questions remain. For example, how does altered sperm miRNA alter embryo, fetal and offspring development leading to altered neuroendocrine and behavioural phenotypes. This is indeed an exciting area of research.
It has been approximately 30 years since the seminal discoveries of David Barker and his colleagues, and research is beginning to unravel the mechanisms that underlie developmental programming. This new knowledge will likely help us to identify individuals who are at risk of developing poor outcomes and for whom early intervention is most efficacious. These interventions will be refined further by advancing our understanding of the drivers and targets. Ultimately, we may be able to prevent, ameliorate or reverse the poor health outcomes associated with early adversity.
